Abstract. Xenoliths hosted by Cenozoic volcanic flows and plugs from the Central Sierra Nevada and Eastern Sierra Nevada, Owens Valley, and Inyo Mountains were studied for petrography and thermobarometry. The Central Sierra Nevada suite consists of abundant lower crustal feldspathic granulites, garnet clinopyroxenites, and mantle-derived peridotites and garnet websterites. Mafic crustal assemblages occur down to -65-70 km, although below 35-40 km, they are mainly in the eclogite facies. In contrast, the Eastern Sierra Region suites show peridotitic, pyroxenitic, and harzburgitic assemblages at depths of _>35-40 km. They define an adiabat in PT space (T -1180-1250øC) , suggesting the presence of the asthenospheric upper mantle close to the base of the crust. The ultramafic mantle rocks from the Central Sierra Nevada also define an adiabatic slope in PT space, possibly an artifact of side heating from the east. There is xenolith evidence that the Sierra Nevada lost about half of its original crust on the eastern side of the range. Regardless of the actual mechanism of crustal thinning, the loss of the eclogitic lowermost crust and replacement by peridotite in the eastern Sierra Nevada is a process accompanied by a substantial density decrease (>100 kg/m3). Overall, if the mechanism of eclogitic lowermost crust removal is viable, there are enough buoyancy sources to explain topographic differences between the Sierra Nevada and the adjacent Basin and Range, assuming isostatic equilibrium.
includes data from Mukhopadhyay [1989] , our collection, and F. Dodge's collection, which is stored at the Smithsonian Institution. There are significant compositional and equilibration temperature differences between the xenoliths of the two groups. An average age difference of--•8 Ma between the Central Sierra Nevada and the Eastern Sierra Region xenolith-bearing volcanics is a serious limitation in our attempt to infer in a static manner any !ateral variations in the Sierran lithosphere from the xenolith petrology, especially because the eastern Sierra was probably subject to significant extension in the past 10 m.y. This age difference, however, sheds light on the recent dynamical evolution of the Sierra Nevada.
Below, we will describe the petrography of the two distinct suites.
Central Sierra Nevada Suite
The Central Sierra Nevada suite is rich in both crustal and mantle xenoliths (Figure 2) . Most of the crustal xenoliths are Many of the mafic xenoliths have igneous textures. The gabbros consist of plagioclase, clinopyroxene, orthopyroxene, hornblende, and biotite. Accessory phases include magnetite, ilmenite, quartz, sphene, apatite, zircon, and orthoclase. Commonly, the gabbros have cumulate textures; these rocks are centimeter-scale layered rocks. The size of the xenolith is comparable to the scale of layering, which makes textural identification difficult. Clinopyroxene and orthopyroxene form the mafic layers and are commonly rimmed by hornblende. A few samples also have garnet as a cumulus phase. Small, grossularrich garnet crystals crystallized within the plagioclase intercumulus layers. The presence of garnet is an indication of the deep provenance of most of the xenolithic gabbros, although textural and mineralogical evidence show that the gabbros are not very different lithologically from some of the western Sierra Nevada mafic plutons [Saleeby and Sharp, 1982; ClemensKnott, 1992] , which formed at depths shallower than 15 km. Granulite xenoliths vary from 20% to 80% plagioclase with mafic phases dominated by two pyroxenes and garnet. Accessory quartz is common. Textures are granoblastic, and some xenoliths display a distinct, subparallel alignment of tabular laths of plagioclase. Banding is suggestive of metamorphic gneissic texture but could well be inherited igneous lamination [Dodge et al., 1986] . The phase mineralogy and bulk composition reconstructed from point counting suggest that the gabbros, cumulate gabbros, and mafic feldspathic granulites share a common origin and are most likely deep batholithic rocks. Preliminary trace element studies on these rocks are consistent with a cumulate origin of the mafic feldspathic rocks of the Central Sierra Nevada suite.
A distinct petrographic group is represented by the garnet clinopyroxenites. They have been identified at the Big Creek, Chinese Peak, Pick and Shovel, and Hume Lake locations. The garnet clinopyroxenites represent a ubiquitous assemblage in the Central Sierra xenoliths. They have also been called "granulites" or "eclogites" by Dodge et al. [1986] and Dodge and Bateman [1988] . They have equigranular, bimineralic, clinopyroxene-garnet assemblages varying in composition from garnetites to clinopyroxenites. Coarse, subidioblastic to rounded garnets are enclosed in a xenomorphic matrix of clinopyroxenes. Minor amounts of rutile, spinel, and secondary amphibole are present. Commonly, the garnet is replaced by fine-grained secondary assemblages consisting of rutile, two-phase Fe-Ti oxides, secondary amphibole, and rare biotite, which is replaced by opaque pseudomorphs [see also Mukhopadhyay, 1989 ]. Dodge et al. [1986] described sporadic layered xenoliths which consist of bands of garnet clinopyroxenite which show granoblastic mosaic textures interlayered with feldspathic-rich zones containing subordinate amounts of garnet, identical in composition with the granulites described above. Given the geological framework of the Sierra Nevada, garnet clinopyroxenite xenoliths can be cognate inclusions, subordinate mafic material (e.g., veins) within an ultramafic upper mantle, batholithrelated cumulates, former mafic liquids frozen in the lower crust, partial melting residues, older continental crust, or subducted oceanic crust. The above textural evidence, as well as preliminary rare earth element (REE) investigations , suggest a cumulate origin for most of the mafic lower crustal xenoliths of the Central Sierra, including the garnet clinopyroxenites. The focus of this paper is on the thermobarometry of the different xenolith assemblages; testing petrogenetic hypotheses for the garnet clinopyroxenites and their link with the other mafic assemblages is currently under investigation. However, we point out here the similarity in the average major element chemistry of the gabbros, cumulate gabbros, granulites, and garnet clinopyroxenites (Table 2) .
Another distinct group of xenoliths of the Central Sierra Nevada is represented by garnet websterites. The garnet grains are commonly clouded with inclusions, whereas clinopyroxene has local orthopyroxene exsolution lamellae. The texture is granoblastic characterized by polygonization of large, centimeter-size grains into smaller millimeter-size grains with abundant triple points and equigranular mosaic aspect. Accessory minerals include Cu-Fe sulfides (mainly chalcopyrite), rutile, and amphibole.
Garnet peridotites, spinel-garnet peridotites, and spinel peridotites Mukhopadhyay and Manton, 1994] were previously described in the Central Sierra suite. We sampled a few garnet peridotites and spinel peridotites with granoblastic polygonal to allotriomorphic granular textures. Typically, the ultramafic xenoliths were recovered as samples Spinel lherzolites are common. There are two textural types, an allotriomorphic type, with grain size up to 0.5 cm, and a porphyroclastic type, sometimes completely annealed, with grain size typically of the order of a few millimeters. Larger, clastic olivine and orthopyroxene grains are occasionally present as relics within the finer-grained porphyroclastic peridotites.
Harzburgites and spinel dunites with minor amounts of orthopyroxene are texturally very similar to the porphyroclastic lherzolites. The ultramafic lithologies described above are endmember rocks, and transitions between them are common.
Most of the ultramafic xenoliths are small samples, 1-4 cm in diameter.
Mineral Chemistry Analytical Methods
The mineral chemistry of each pctrographic type was investigated. Polished rock thin sections were analyzed on a JEOL 733 electron microprobe fitted with five wavelength spectrometers. The accelerating voltage was 15 kcV, the probe current was 25 nA (measured on brass), count time was 60-80 s, and probe diameter was 10/xm. Sodium was analyzed first in order to reduce alkali migration. At least five grains of each mineral phase were analyzed in every thin section to check for equilibrium attainment. Cores, rims, and spots on the extreme outer limit of grains ("extreme rims") were measured for each analyzed grain, usually averaged from two to five analyses. Several traverses were performed across the most important phases. Only the granulites showed noticeable compositional gradients, whereas mogt of the garnet clinopyroxenites as well as the high-temperature rocks showed uniform compositions. The extreme rim compositions were not used in interpretations because they systematically showed effects of heating due to entrapment in the host melt. We used the chemistry of the phases in conjunction with point countings on thin sections to calculate the major element chemistry of some of the xenoliths (reported in Table 2 ).
Described below are the compositions of the mineral phases involved in the thermobarometric calculations. Representative analyses given in Table 3 Figure 3 ). This is not surprising, since some of these rocks are unusually deep samples for alkali-basalt-hosted xenoliths (3.5 GPa).
Eastern Sierra Nevada Suite
No significant differences between the allotriomorphic and porphyroclastic type peridotires are apparent in the olivine and pyroxene phase chemistry (Table 3) . Pyroxenites, olivine pyroxenites, lherzolites, and harzburgites exhibit very similar major element compositions for all major phases present. We describe below the mineral phases of the Eastern Sierra Region as a group.
Olivines from Eastern Sierra Region peridotites, olivine pyroxenites, and olivine xenocrysts are Fo87-Fo9o. There is a significant variation in the CaO content in olivines (0-0.8 wt %), indicative of a wide equilibration pressure range for these rocks [Kohler and Brey, 1990] 
Equilibration Pressures and Temperatures
For many of the investigated xenoliths, we calculated the temperatures and pressures at which they equilibrated. We will describe below the thermometers and barometers that we used, the results of the pressure-temperature calculations, and the interpretation of the obtained geotherms (paleogeotherms and pseudogeotherms). The results are shown in Figure 5 .
Methods
The equilibration temperatures for the granulites and garnet clinopyroxenites were determined using a single thermometer [Ellis and Green, 1979 
Before Basin and Range Extension
The central region of the Sierra Nevada batholith is exposed to an average crustal depth of ---10 km [Ague and Brimhall, 1988] and has an average tonalitic composition for the upper to mid-crustal levels [Saleeby, 1990] We tentatively interpret the above relations to indicate that at •--1 GPa the primary batholithic composition graded upward from predominantly mafic (48-50 wt % SiO2) to predominantly tonalitic (55-60 wt % SiO2). The Central Sierra Nevada xenolith data further suggest that the deep mafic batholith extends or extended downward to ---65-70 km (pressures of 2 GPa). At the time of xenolith entrapment, depths corresponding to pressures greater than 1.2 GPa within this layer were in the eclogitic facies. The rocks are garnet clinopyroxenites which fall in the group B eclogites of Coleman et al. [1965] and are different from the eclogites described in kimberlites and subduction complexes. They resemble granulite-facies to eclogite-facies assemblages, and some may be high-pressure magmatic eclogitic assemblages [Mukhopadhyay, 1991b] . These eclogites are mafic rocks, part of the petrologically defined crust, but are also dense and have high seismic velocities yielding properties of the seismic mantle. The Moho discontinuity would correspond in these situations with the basalt-eclogite transition, a phase change rather than a chemical boundary [ Wyllie, 1963 Jones et al. [1994] showed that lateral density variations within the Sierra Nevada crust (crustal Pratt equilibrium) are also insufficient to create the large elevation differences (Figure 9b) .
None of these scenarios for crustal composition can explain 
Crustal Thinning
In general, crustal thinning produces subsidence. We will show that in the particular case of the Sierra Nevada, this might not be true because thinning involves the removal of a very dense (eclogite facies) lowermost crust by lower-density material. We want to estimate the net result of crustal thinning in this case. The magnitude of the subsidence generated by the thinning alone and the uplift generated by lowering the density of the lithospheric column will be estimated below.
The amount of crustal thinning is most easily quantified by the stretching factor (/3). The/3 factor is based on the assump- A dynamic process involving lower crustal removal is our preferred alternative. Lower crustal mafic rocks are less likely to flow than midcrustal quartz-rich rocks [Wernicke, 1990] . It is possible that the mafic root beneath the Eastern Sierra Region was transported en masse either laterally along a deep, crustalscale detachment surface [Wernicke, 1990] 
